Abstract. Correct staging of prostate cancer is an unmet clinical need. Radionuclide targeting of prostate-specific membrane antigen (PSMA) with 111 In-labeled capromab pendetide (ProstaScint) is a clinical option for prostate cancer staging. We propose the use of 124 I-labeled capromab to decrease the retention of radioactivity in healthy organs (due to the non-residualizing properties of the radiolabel). The use of 124 I as a label should increase imaging sensitivity due to the advantages of PET as an imaging modality. Capromab targets the intracellular domain of PSMA; accumulation of radioactivity in the tumor should not depend on internalization of the antigen/antibody complex. Capromab was iodinated, and its targeting properties were compared with indium labeled counterpart in LNCaP xenografts in dual isotope mode. PSMA-negative xenografts (PC3) were used as a negative control. Radioiodinated capromab bound to PSMA specifically. Biodistribution of 125 I/ 111 In-capromab showed a more rapid clearance of iodine radioactivity from liver, spleen, kidneys, bones, colon tissue, as well as tumors. Maximum tumor uptake (13±8% ID/g for iodine and 29±9% ID/g for indium) and tumor-to-non-tumor ratios for both agents were measured 5 days post-injection (pi). High tumor accumulation and low uptake of radioactivity in normal organs were confirmed using microPET/CT 5 days pi of 124
Introduction
Correct staging of prostate cancer is an unmet clinical need. Conventional anatomical imaging modalities (CT and MRI) tend to understage prostate cancer due to poor sensitivity to soft tissue metastases. Currently, a significant number of patients with extraprostatic disease undergo non-curative surgery due to false negative diagnoses (1) . The utility of PET or PET/CT using 18 F-FDG is limited in this arena; prostate cancer glucose utilization is low, and FDG uptake is insufficient in up to 81% of primary prostate cancers (2, 3) . Other metabolic PET tracers, such as 11 C-or 18 F-labeled choline or 11 C-acetate, have shown some promising results in the clinic. However, elevated radiolabeled choline uptake was detected not only in malignant but also in hyperplastic prostate tissues. Histological evaluation suggests an alarmingly high false-positive rate for 11 C-choline (4). Sensitivity of 11 C-acetate-based PET is suboptimal in patients with low PSA values (5) . Thus, accurate staging of prostate cancer using PET appears to require more research and development.
An alternative approach to visualization of prostate cancer is radionuclide targeting of antigens expressed in prostate cancer cells, e.g. 'free' prostate specific antigen, fPSA (6) , prostate stem cell antigen, PSCA (7) or prostate specific membrane antigen, PSMA (8) . Recently it was shown in a preclinical study (9) that radiolabeled monoclonal antibody (mAb) 5A10 recognizing an epitope adjacent to the catalytic cleft of PSA, can selectively target fPSA in androgen receptor positive xenografts. However, decrease of androgen receptor expression in castrate refractory patients could be a challenge in clinical setting.
Expression of PSMA is low in normal prostate tissue, but it increases in prostate cancer and is significantly upregulated as tumors dedifferentiate into higher grade, androgen-resistant and metastatic lesions (10) . Recently, it was proposed that PSMA overexpression on circulating cancer cells could serve as a biomarker in castration resistance prostate cancers (11) . High-affinity smallmolecule inhibitors of PSMA labeled with 123/131 I and 99m Tc for SPECT and with 68 Ga for PET imaging modalities demonstrated high accumulation in small metastases in men and are under evaluation in international clinical trials (12) . Currently, PSMA is used to image prostate cancer via 111 In-labeled capromab pendetide (ProstaScint), which is approved for clinical use in the In-capromab pendetide further. Nonetheless, further improving the sensitivity of prostate cancer imaging is desirable (10) .
A possible way to increase the sensitivity of radionuclide imaging using monoclonal antibodies is the use of PET instead of SPECT (14) . PET provides better resolution (and, accordingly, lower influence of partial volume effect) and better registration efficiency, which improves imaging quality. Feasibility of antibody-mediated PET imaging (immunoPET) has been demonstrated in a number of preclinical studies using monoclonal antibodies targeting several tumor-associated antigens (6, (15) (16) (17) (18) (19) (20) . Preliminary clinical data concerning immunoPET imaging of HER2-expressing breast cancer (21) and renal cell carcinoma (22) are very encouraging. This gives good support to the hypothesis that the use of PET in combination with capromab labeled with an appropriate positron-emitting label would improve the sensitivity of PSMA imaging and therefore the quality of prostate cancer staging.
Clearance of intact monoclonal antibodies from the circulation is relatively slow. To provide sufficient clearance and increase contrast, imaging is usually performed four to five days after the injection of In-capromab (10 89 Zr is trapped intracellularly, e.g., Perk et al (17) . This increases the retention of radioactivity by the tumor(s). A downside of this property is that 89 Zr is efficiently retained by healthy organs that catabolize antibodies, mainly liver and spleen (17) . In addition to this, there is an appreciable accumulation of 89 Zr in bone (17, 21) . Indeed, labeling with 89 Zr of two anti-PSMA monoclonal antibodies (mAbs) targeting the intra-(7E11, capromab) and extra-(J591) cellular domains of PSMA was recently reported (24, 32) . In a murine xenograft model, both mAbs demonstrated high and specific tumor uptake (up to 40% ID/g at 4 days pi) but also high liver, spleen and bone uptake. The radiocatabolites of 124 I-labeled internalized antibodies 'leak' from cancer cells after internalization, which reduces tumor accumulation of radioiodine in comparison with radiometals. However, the retention of 124 I radioactivity in liver, spleen and bones is lower than that of 89 Zr (17) . Capromab binds to an intracellular portion of PSMA (25) . In fact, the antibody works by targeting necrotic cells in the tumors and does not undergo internalization and proteolytic lysosomal degradation after binding. We hypothesized that the use of 124 I would be possible for capromab-mediated immunoPET because tumor retention should not be dependent on residualizing properties of a radiometal label but accumulation in normal tissues might be lower for radioiodine.
The goals of the study were to select a method for radioiodination that preserves the specificity of binding to PSMA after labeling and to test whether the use of radioiodine reduces the uptake of radioactivity in healthy organs in comparison with the use of radiometals.
Two approaches (Fig. 1) to the radioiodination of capromab were selected: direct iodination using chloramine-T and indirect radioiodination using N-succinimidyl-p-(trimethylstannyl)-benzoate.
Direct radioiodination using chloramine-T was evaluated because it is a simple and robust method. However, the use of chloramine-T may destroy the binding specificity of some antibodies due to iodination of tyrosines in the binding site or by disruption of critical disulfide bonds in an antibody (26) . For this reason, a milder indirect radioiodination using N-succinimidyl-p-(trimethylstannyl)-benzoate was evaluated as an alternative. The iodine isotope 125 I (half-life 60 days) was used in vitro and in biodistribution studies as a convenient surrogate for 124 I (half-life 78.4 h).
Materials and methods

Materials.
The monoclonal antibody capromab pendetide (ProstaScint ® ) was kindly provided by EUSA Pharma as a commercial kit (0.5 mg/ml, PBS, pH 6.0). N-succinimidylp-(trimethylstannyl)-benzoate has been synthesized in our laboratories according to the method described by Koziorowski et al (27) . Chloramine-T and sodium metabisulfite were from Sigma-Aldrich (St. Louis, MO).
Buffers, such as 0.1 M phosphate-buffered saline (PBS), pH 7.5, and 0.07 M sodium borate, pH 9.3, were prepared using common methods from chemicals supplied by Merck (Darmstadt, Germany). High-quality Milli-Q water (resistance higher than 18 MΩ cm) was used for preparing solutions. [ The radioactivity was measured using an automated gamma-counter with a 3-inch NaI(Tl) detector (1480 Wizard; Wallac Oy, Turku, Finland). In the dual-isotope biodistribution experiments, 125 I radioactivity was measured in the energy window from 6 to 60 keV, and 111 In was measured from 100 to 450 keV. The data were corrected for dead time, spill over and background. Evaluation of purity was performed using 150-771 Dark Green Tec-Control Chromatography strips (Biodex Medical Systems, Shirley, NY), and distribution of radioactivity along the ITLC strips was measured on a Cyclone™ Storage Phosphor System (further referred to as Phosphor Imager) and analyzed using the OptiQuant™ image analysis software. MicroPET-CT and microSPECT-CT studies were performed in a Triumph™ Trimodality system (GammaMedica Inc, Salem, NH), an integrated SPECT/PET/CT platform optimized for small animals in pre-clinical applications. Image co-registration and analysis was performed in PMOD v3.13 (PMOD Technologies Ltd, Zurich, Switzerland).
The PSMA-expressing cell line LNCaP (prostate cancer lymph node metastasis) and PSMA-negative cell line PC3 (prostate cancer bone metastasis), both from ATCC (LGC Promochem, Borås, Sweden), were used in this study. Cells were cultured in RPMI medium (Flow Irvine, Lake Forest, CA). The medium was supplemented with 10% fetal calf serum (Sigma-Aldrich), 2 mM L-glutamine and PEST (100 IU/ml penicillin and 100 µg/ml streptomycin), all from Biokrom AG (Berlin, Germany). For the LNCaP cell line, media was additionally supplemented with Na-pyruvate and HEPES (Biokrom AG).
Labeling chemistry. Labeling of capromab pendetide with 111
In was performed according to the manufacturer's instructions. The purity of the conjugate (designated as 111 In-capromab) was determined using ITLC.
For indirect radioiodination, the buffer provided in the commercial kit was changed to 0.07 M sodium borate, pH 9.3, by ultrafiltration using Centricon 30. For labeling, 125 I solution (6 µl, 15 MBq) was diluted with 10 µl 0.1% acetic acid/water. A solution of N-succinimidyl-p-(trimethylstannyl)-benzoate (5 µl, 1 mg/ml in 5% acetic acid/methanol) was added, and the reaction was initiated by adding 10 µl of chloramine-T solution (4 mg/ml in water). After 5 min of incubation at room temperature, the reaction was quenched by the addition of sodium metabisulfite (10 µl, 6 mg/ml in water), and capromab pendetide (500 µg in 129 µl 0.07 M sodium borate, pH 9.3) was then added. The mixture was incubated at room temperature for 60 min. The conjugate (designated 125 I-PIBcapromab) was purified on a NAP-5 column. The purity of the conjugate was determined using ITLC eluted with 80% acetone in water.
For direct iodination, the buffer provided in the commercial kit was changed to 0.1 M PBS, pH 7.5, using a NAP-5 column. For labeling, 125 I solution (10 µl, 23 MBq) was mixed with 40 µg capromab in 160 µl PBS. The reaction was initiated by adding 10 µl of chloramine-T solution (2 mg/ml in PBS). After 2 min of incubation at room temperature, the reaction was quenched by the addition of sodium metabisulfite (10 µl, 4 mg/ml in PBS). The conjugate (designated as 125 I-capromab) was purified as described above.
For labeling of capromab with iodine-124, 20 µl of [ 124 I]-sodium iodide stock solution was mixed with 4 µl sodium iodide (50 µM in water), and 10 min later 40 µg capromab in 160 µl PBS (prepared as described above) was added. The reaction was performed and the product purified as described above.
In vitro specificity test. PSMA-expressing LNCaP cells were seeded at 10 6 cells per dish in RPMI media or in media designed to induce membrane permeability (Eagle's minimum essential medium, M8167) (25) . Experiments were performed 24 h later. All in vitro experiments were performed in triplicate.
The cells were washed with PBS and the labeled conjugates added to the cell dishes at concentrations of 10 nM. To saturate the binding sites, a blocking amount of non-labeled capromab (100-fold excess) was added to one set of dishes 15 min before the addition of radiolabeled capromab. Cells were incubated for 2 h at 37˚C. Thereafter, the media was collected; cells were washed once with PBS and detached by treatment with trypsin-EDTA (Biokrom AG). Detached cells were re-suspended and collected. The radioactivity in the samples was measured. tive) were used. The binding assay was set up using 10 nM concentration of labeled antibody and performed at 4˚C. Serial dilution of cell membrane suspension in PBS, starting at 10 7 cells/ml lyzed by Polytron PT 3000 (Kinematica AB, Bohemia, NY), was used. After incubation cell membranes were pelleted and half of the supernatant volume was transferred to Eppendorf tubes. The radioactivity of the samples was measured and the cell associated radioactivity was calculated as A cells = (A pellet + media -A media )/(A pellet + media + A media ). The unspecific binding to membranes of PC-3 cells for each data point was subtracted. The data were plotted as double inverse plot of the applied radioactivity (A pellet + media + A media ) over the specifically bound radioactivity as a function of the inverse cell concentration (ml/million cells), Fig. 3B . The immunoreactive fraction (IRF) was calculated as IRF = 1/y(x=0).
Biodistribution experiments. All animal experiments were planned and performed in accordance with national legislation on laboratory animal protection. The studies were approved by the Local Ethics Committee for Animal Research. The drinking water for the mice was supplemented with potassium iodide (1%) to prevent accumulation of radioiodine in organs expressing the Na/I symporter (thyroid, stomach, salivary gland, etc.). In comparative biodistribution studies, non-tumor-bearing male NMRI mice were used. In tumor targeting and imaging experiments, male BALB/c nu/nu mice were used. The tumors were grafted by subcutaneous injection of 6x10 6 LNCaP cells (Matrigel™/medium, 1/1) or 5x10 6 PC3 cells onto the right hind legs and were allowed to develop for 3 weeks. In all biodistribution studies, the mice (four animals per group) were intravenously injected (tail vein) with a mixture of In-capromab (20 kBq) and 125 I-capromab (10 kBq) in 100 µl PBS each. The total injected antibody dose was 3 µg per animal. All injections were tolerated well.
In NMRI mice, the biodistribution of 125 I/ 111 In-capromab was measured at 4 h and 1, 2 and 3 days pi. At pre-determined time points, sedated animals were euthanized by heart puncture. Samples were collected from blood, heart, lung, liver, spleen, pancreas, stomach, colon, kidney, salivary glands, thyroid, muscle and bone. The intestines along with their content and the carcasses were also collected. The organs and tissue samples were weighed and their radioactivity was measured. A whole gamma-spectrum of each sample was recorded. The organ uptake values are expressed as per cent of injected dose per gram of tissue (% ID/g), except for the thyroid, intestines and the remaining carcass where values are expressed as % ID per whole sample. A paired t-test was used to determine a significant difference (p<0.05) between the distributions of 125 I and 111 In. Tumor targeting of capromab (labeled with iodine and indium) was compared in a dual isotope study in LNCaP xenografted male mice at 1, 3, 5 and 7 days pi using the protocol described above. The targeting specificity of radiolabeled capromab was measured in PC3 xenografted mice (PSMA negative model) 3 days pi. 
Results
Labeling chemistry. As expected, radiolabeling using 111 In was efficient (yield over 99%, specific radioactivity 2.5 MBq/µg), and the conjugate did not require any additional purification. Direct radioiodination was more efficient (yield 71%, specific radioactivity 0.41 MBq/µg) than indirect radioiodination (yield 56%, specific radioactivity 0.017 MBq/µg) for iodine-125. The direct labeling with iodine-124 provided 93% yield (specific radioactivity 1.25 MBq/µg). A simple purification of radioiodinated capromab using a disposable NAP-5 column provided purity of over 99% for all used methods and radioisotopes. In-capromab pendetide, 125 I-PIB-capromab and 125 I-capromab. The test was performed using the prostate cancer cell line LNCaP, which was permeabilized to provide access to the intracellular domain of PSMA. In the blocking experiment, binding sites were saturated by adding an excess of non-labeled capromab to the cells. Data are presented as the mean values for three samples ± SD.
In vitro specificity test and immunoreactive fraction.
The specificity tests demonstrated that the binding of 111 In-capromab, 125 I-capromab, and 125 I-PIB-capromab conjugates to PSMA-expressing cells was specific because saturation of the binding sites by pre-incubation with non-labeled capromab significantly decreased the binding of the radiolabeled conjugates (p<0.0001 for all experiments) (Fig. 2) .
Unspecific binding of 111 In-and 125 I-capromab (Fig. 3A ) to membranes of PSMA negative PC-3 cells was 0.4 and 0.8% from binding to membranes from equal amount of PSMA-positive LNCaP cells, respectively. Immunoreactive fraction after labeling was retained (Fig. 3B) and was in the same range for indium-111 (87±1%) and iodine-125 (83±2%) labeled antibody. In-capromab in blood and healthy organs in lower abdomen. In-capromab in male NMRI mice after intravenous injection. Uptake is expressed as % ID/g and presented as an average value for 4 animals ± SD. Data for the thyroid, gastrointestinal (GI) tract with content and carcass are presented as % of injected dose per whole sample.
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a Uptake of radioactivity was significantly higher than that of the counterpart.
In vivo experiments. Data regarding the biodistribution of the radiolabeled antibodies in NMRI male mice are presented in Fig. 4 and Table I . The results of the biodistribution experiments suggest that the use of the radioiodine label for capromab results in less accumulation of radioactivity in a number of organs in comparison with the radiometal label.
In the lower abdomen, the accumulation of 125 I was 1.6-fold lower in colon and 2.3-fold lower in bone in comparison with 111 In. The difference for muscle was not as pronounced, but the accumulation of radioiodine was 12% lower, and the difference was significant (p<0.005).
In vivo targeting specificity was confirmed in comparison of tumor uptake of radiolabeled capromab in PSMA positive (LNCaP) and negative (PC3) xenografts 3 days pi (Fig. 5) . Significantly lower radioactivity uptake was found in PC3 xenografts in comparison with LNCaP xenografts for both 111 In-capromab and 125 I-capromab (p<0.01). There was no significant difference in the uptake by normal organs in mice bearing PC3 and LNCaP xenografts.
Data representing the comparative biodistribution over time in Balb/c nu/nu male mice bearing LNCaP xenografts are presented in Fig. 6 and Table II. In agreement with the biodistribution of radiolabeled capromab in NMRI mice, the concentration of radioactivity in the blood was significantly higher for iodine-125 at all studied time points. Conversely, the accumulation of radioactivity in tumors was lower for the iodinated antibody. In the excretory organs (liver, kidneys, gastrointestinal tract) and organs of low abdomen (colon), the concentration of radioactivity was significantly higher for 111 In-capromab. The whole body clearance was more rapid for 125 I-capromab.
MicroPET and microSPECT images of mice bearing LNCaP xenografts 5 days pi of 124 I-capromab or 111 Incapromab are presented in Fig. 7 . In both cases tumors were clearly visible. At the same time, the accumulation of radioactivity in the heart and liver was appreciably lower for the iodinated antibody.
Discussion
The sensitivity of radionuclide molecular imaging depends on the contrast. The contrast is dependent on the ratio of the radioactivity concentration in tumors to that in healthy tissues. To obtain maximal contrast, the tumor uptake should be increased and/or the uptake in normal tissues should be decreased as much as possible. In this study, contrast maximization was pursued by minimization of the accumulation in normal tissues. Radioiodine provides the lowest level of radioactivity accumulation in normal organs due to the non-residualizing properties of its radiocatabolites. However, if the radioiodine is attached to an antibody targeting an extracellular antigen present on cancer cells, the same effect is observed in the tumor. In this case, there is no gain in the tumor-to-non-tumor ratio, just a decrease in the signal from tumor. However, capromab binds to the intracellular domain of PSMA. For this reason, it can target only necrotic cells with disrupted membranes. This property was used recently by Ruggiero et al (23) in their study monitoring the response to therapy of LNCaP xenografts in a murine model with In-capromab pendetide in LNCaP xenografted mice. 
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Uptake is expressed as % ID/g and presented as an average value for 4 animals ± SD. Data for the thyroid, gastrointestinal (GI) tract with content and carcass are presented as % of injected dose per whole sample.
zirconium-89-labeled capromab. They clearly demonstrated that the uptake of radioactivity into tumors irradiated from an external source was as twice as high than that in control tumors due to increased apoptotic and necrotic areas, resulting in cells with disrupted cell membranes. Cellular catabolism is impossible in apoptotic and necrotic cells, and we expected an equal tumor accumulation of radioiodinated and radiometallabeled capromab. Our hypothesis was that the tumor uptake would less likely be dependent on the residualizing properties of radiolabel due to the lack of internalization but that clearance from healthy tissues would be improved with the non-residualizing label.
We evaluated two different radioiodination methods, direct radioiodination on tyrosine residues and indirect radioiodination in which the small prosthetic group was radioiodinated and then coupled to lysine groups of capromab. Our results show that direct iodination resulted in an antibody that was as specific for binding to PSMA as that produced by via indirect method. Furthermore, this labeling method did not compromise immunoreactivity of imaging probe that means that imaging contrast should not be decreased due to circulation of non-immunocompetent antibody. Because direct radioiodination is technically simpler, provides higher specific radioactivity, and reduces the probability of user errors, directly iodinated capromab was selected for further evaluation in vivo. Use of the directly radioiodinated capromab is a straightforward and practical approach for development of a tracer for prostate cancer staging using immunoPET. The antibody is commercially available, and clinical practice has demonstrated its safety.
124 I is also commercially available. Direct radioiodination using chloramine-T is a very robust and reproducible method that could be used to reliably produce large quantities of 124 I-capromab. The long half-life of 124 I insures that worldwide distribution of 124 I-capromab from one or a few production facilities could be feasible. The use of a single facility with well-trained personnel should insure a high quality product.
Biodistribution experiments performed in NMRI mice confirmed our hypothesis that clearance of iodinated capromab from healthy organs of iodinated radiocatabolites is more efficient than that of 111 In-capromab (Fig. 4) . Concentrations of radioactivity in the liver, spleen and especially bone and colon tissue were significantly higher for the indium-labeled antibody. The concentration of radioactivity in blood was marginally but significantly higher for radioiodine and this difference increased over time, possibly due to the presence of radiocatabolites (28) . The uptake of radioiodine in thyroid and stomach, tissues with expressing with Na + /I -symporter, was blocked by adding non-radioactive potassium iodide in the drinking water. In humans, the use of Lugol's solution should have similar effect. The radioactivity uptake of radioiodine in excretory organs (kidneys and liver) was significantly lower than uptake of radioindium throughout the whole experiment. These data support our hypothesis that non-residualizing properties of radioiodine should result in lower uptake of radioactivity in normal organs.
It has been shown for several different antibodies that uptake of 111 In and 89 Zr in normal organs is very similar, with slightly higher uptake in liver and bones for 89 Zr (15, 16, 18) . Comparison of our data for indium-labeled capromab with recently published data for zirconium-labeled capromab showed much higher zirconium concentrations in lung, liver and spleen. Our data regarding biodistribution of the antibody in normal organs and tissues in LNCaP tumor-bearing mice were in good agreement with the data from NMRI mice. The targeting specificity of radiolabeled capromab was confirmed for both conjugates: radioactivity concentrations in PSMA-negative PC3 xenografts were significantly lower (on the level of muscle tissue) than concentrations in PSMA-positive LNCaP xenografts. The tumor uptake and tumor to non-tumor ratios reached maxima at 5 days pi for both labeled conjugates. The tumor uptake of iodinated capromab was significantly lower than that of the indium-labeled antibody, though this difference was not as pronounced as for antibodies and proteins that internalized after binding to extracellular domains of antigens (29) (30) (31) . For example, tumor-to-blood ratios for 111 In-and 125 I-labeled trastuzumab, a rapidly internalizing antibody, were at 3 days pi 18±7 and 1.0±0.3, respectively (31) . We speculate that the lower radioiodine concentration in tumors might be due to the trapping and processing of capromab by tumor-associated macrophages because reversal of the PSMA intracellular and extracellular domains is impossible.
Despite of the lower tumor concentration of radioiodine, the tumor to non-tumor ratios of radioiodinated capromab were close to that of the indium-labeled antibody throughout the experiment. As we expected, on the day of the image (5 days pi) tumor-to-liver, tumor-to-spleen, and tumor-to-kidney were higher for the non-residualising radioiodine label than for residualising radioindium one. MicroPET/CT and microSPECT/CT imaging of PSMA in mice bearing LNCaP xenografts 5 days pi demonstrated the superiority of the combination of the non-residualizing radioiodine label on the non-internalizing antibody capromab and the PET technique. Radioactivity concentration in liver was much lower in the animal injected with radioiodinated antibody than in the animal injected with radioindium conjugate. LNCaP xenografts visualized with 124 I-capromab obviously dominate the image, when xenografts visualized with 111 In-capromab had the same intensity as the liver and other tissues in abdomen (where locoregional metastases are expected).
In conclusion, direct radioiodination of capromab provides a targeting agent that binds specifically to living PSMA-expressing cells. Biodistribution of radioiodinated capromab is superior to biodistribution of a radiometal-labeled counterpart due to lower uptake into healthy tissues. Quick clearance of radioiodine from excretory organs together with better resolution of PET vs SPECT can provide higher contrast images of disseminated prostate cancer and improve diagnostic accuracy.
